The weak ΛN → NN transition is studied in the valence quark model approach. The quark component of the two baryon system is described in the quark cluster model and the weak transition potential is calculated by evaluating the matrix elements of the ∆S = 1 effective weak Hamiltonian. The transition potential is applied to the decay of hypernuclei and the results are compared with available experimental data. The results indicate that direct quark process is significant and qualitatively different when compared with those in conventional meson-exchange calculations. The direct quark mechanism predicts the violation of the ∆I = 1/2 rule for this transition. *
Introduction
Non-leptonic weak decays of hyperons have been of interest for many years. Especially mesonic decays, such as Λ → Nπ, are studied in order to reveal the properties of the low energy weak interactions among quarks. Experimental data for such decays indicate a strong ∆I = 1/2 enhancement compared to ∆I = 3/2 component. This ∆I = 1/2 enhancement, known as the ∆I = 1/2 rule, is not expected naively in the standard model of the weak interaction, and therefore its origin should be attributed for corrections to the weak vertex due to the strong interaction. Part of the strong corrections can be estimated by using the renormalization group improved perturbation theory of QCD [1, 2, 3, 4] , while contributions of the low-energy hadronic interactions are not quantitatively understood.
In order to study the corrections to the weak interaction due to the low-energy hadronic interaction, it may be useful to look into a new type of weak processes, such as NN → NN, and ΛN → NN, i.e., the two-body weak scattering processes. It is known that the ΛN → NN transition plays a dominant role in the nonmesonic decays of hypernuclei, whose data have been accumulated in recent hypernuclear experiments. Therefore it seems timely to study the ΛN → NN weak transition from the standard theory point of view.
The purpose of this paper is to study the roles of quark structure in the two-body ΛN → NN weak transition, and to construct the induced transition potential [5, 6, 7, 8] . Because the ΛN → NN decay has a large momentum transfer of approximately 420 MeV/c (assuming the relative momentum of the initial Λ and N is zero), the short distance dynamics of two baryons must be significant. We here propose that the ΛN → NN transition at short distance is described by a direct quark mechanism, where a contact four-quark interaction between the It contains both the ∆I = 1/2 and ∆I = 3/2 components. We will see that no ∆I = 1/2 enhancement is seen in the two-baryon process, ΛN → NN, and thus the ∆I = 3/2 component of the weak interaction may be observed.
We will compare the direct quark transition potential with the transition potentials based on the meson exchange mechanism ( Fig. 1) , such as π, K, ρ exchanges [9, 10, 11, 12] . There the meson-baryon-baryon (such as π −Λ−N) weak vertex is determined phenomenologically so as to describe the free hyperon decays, and therefore satisfies the ∆I = 1/2 rule automatically.
Recent experimental data, however, have revealed some difficulties in the meson exchange picture. For instance, the predicted n-p ratio is much smaller than the experimental data for light hypernuclei.
This paper is organized as follows. In section 2, we present the effective weak Hamiltonian derived in the standard theory with perturbation in QCD. In section 3, the weak Hamiltonian is applied to the ΛNtoNN transition and the direct quark induced transition potential V (k, k ′ ) is calculated. In section 4, we present the explicit form of the transition potential given in the momentum space. In sections 5 and 6, the transition potential is applied to the decay of light hypernuclei and the results are compared with available experimental data. Discussions and conclusions are given in section 7.
Effective 4-quark weak interaction
The standard model describes hadronic weak interactions by exchanges of the weak gauge bosons between quarks. Because the gauge bosons are very heavy, low energy phenomena can effectively be represented by a Hamiltonian composed of four-quark vertices, which contain the QCD corrections on the pure weak vertex. Such an effective Hamiltonian has been studied by several authors [1, 2, 3, 4] . It can be computed by evaluating the perturbative QCD corrections, using the operator product expansion and the renormalization group equation for the Wilson coefficients.
In the standard model, strangeness changing weak decay is described by the vertex
where W ± µ is the charged-W-boson field and J ± µ is the hadronic charged weak current. Note that the standard theory contains no flavor changing neutral current. The effective Hamiltonian for ∆S = ±1 nonleptonic processes is defined by
where RHS is the weak transition matrix element between low-momentum hadron states composed of light quarks and differing in strangeness by one. We separate the mass-scale dependent coefficients and the four-quark operators using the operator-product-expansion. At the mass scale µ = M W the QCD running coupling constant α s is so small that the coefficients can be expanded perturbatively in α s . Paschos et al. [3] takes the following Hamiltonian at
where α and β stand for color indices of the quark field. The first term is a pure weak interaction at low-momentum transfer with ξ q = V qd V * qs where matrix V is the Cabibbo- at µ = M W the effective Hamiltonian at low mass scale is computed with the help of the renormalization group technique. The one loop QCD corrections are taken into account.
Operator mixing takes place and enhances the ∆I = 1/2 component, while the ∆I = 3/2 part is suppressed.
The perturbation theory, of course, cannot be extended down to the low energy region, where non-perturbative effects of QCD may modify the weak vertex as well. Here we employ the picture proposed by Bardeen et al. [13] , i.e., we assume that the perturbative correction is applied down to µ 2 ≃ µ , and is applied to the quark model calculation (or any other low energy theory, such as the chiral effective theory).
We use the following Hamiltonian in the present calculation :
where
−0.284 0.009 0.026 0.004 −0.021
The values of the coefficients K r are taken from ref. [3] . We choose the version with the flavor It is known that this ∆I = 1/2 enhancement alone cannot explain the observed ratio of ∆I = 1/2 and ∆I = 3/2 for the non-leptonic decays of K, Λ and other strange hadrons.
Several studies have shown that various non-perturbative effects at low energy are crucial in understanding the large ∆I = 1/2 enhancement [13, 14, 15] .
Direct quark mechanism
The weak transition of two baryon systems can be described by a transition potential V .
We evaluate V in the first order perturbation theory in the effective weak Hamiltonian H ∆S=1 ef f derived in the previous section,
We employ the quark cluster model for the quark component of the two baryon systems,
where φ is the internal wave function of the baryon in the non-relativistic quark model and χ( R) is the wave function for the relative motion with R, the relative coordinate of two baryons [16] . The operator A 6 antisymmetrizes the six quarks. The transition potential eq. (10) describes the direct quark processes, in which all possible exchanges of quarks between two baryons are included (Fig. 2) . These direct quark processes are independent from the meson exchange diagrams in our formulation because the non-relativistic formalism does not allow a pair of quark and antiquark in the intermediate state. Therefore the full transition should be given by a superposition of the direct quark and the meson exchange processes.
In evaluating the transition potential we make the non-relativistic reduction of H ∆S=1 ef f
i.e. the Breit-Fermi expansion to first order in p/m. The result is given in terms of a set of non-relativistic operators listed in Table 1 . The vectors q ij and P i are defined by 
. . .
The diagrams for the direct quark mechanism where p i denotes the momentum of the i-th quark. In Table 1 , the color operator is suppressed, that is unity. Among those operators, the operators A1, A2, B1, B2, C1 and C2 are parity conserving, while the others are of first order in p/m and parity violating. These operators are symmetric in subscripts i and j. Appendix A gives the explicit form of
Because we truncate the expansion at p/m, the change of the orbital angular momentum, ∆L, is restricted to 0 or ±1, namely no tensor transition is allowed.
In the present study, we restrict our initial state to L = 0 and 1. Table 2 shows 24 possible combinations of L, S, J, and I for the initial and final states. Note that the transition between 1 P 1 and 3 P 1 vanishes because the spin change operator should change the parity as well. 
Matrix elements of
i<j C11 are calculated for the quark cluster model wave function. Under the condition that |φφχ is totally antisymmetric for the exchange {1,2,3}↔{4,5,6}, the matrix element, for instance
is equal to
where P 36 represents the permutation operator, 3 ↔ 6. Fig. 2 shows the diagrams corresponding to each term of eq. (14) . Because each baryon wave function is totally antisymmetrized, A 6 of the initial and final state can be replaced by a single P 36 operated to the initial state. N is the normalization factor, which depends on the channel but is nearly equal to 1 in general.
We factorize each matrix element in eq. (14) into the flavor-spin, orbital and color parts as
W is an algebraic factor required when we factorize the spin and orbital matrix elements. It is defined by
where λ o and λ s are the ranks of the orbital and spin operators respectively, and λ = λ o = λ s .
In Table 2 , we label the combinations of the initial and the final spin-flavor part of |φφχ by "Type". They are listed in Table 14 in Appendix B. In evaluating the flavor-spin matrix element, we use the SU(6) flavor-spin wave function for the nucleon and Λ.
Appendix C is devoted to evaluation of the orbital matrix elements
where O orbital ij is one of the following operators,
Color matrix elements are given by
color-singlet| 1P color
Induced transition potential
The obtained ΛN → NN transition potential is written in the following form.
The coefficients, V f , V g and V h and the functions, f , g and h are given in Tables 3 ∼ 11 . 
The transition potential depends on three quark model parameters that are m, the constituent In order to study the contribution of ∆I = 3/2 component of the H ∆S=1 ef f , we also calculate the transition potential without the ∆I = 3/2 component. Table 9 ∼ Table 11 give the coefficients when we omit the ∆I = 3/2 component. 
Application to light hypernuclear decays
We apply the transition potential to non-mesonic weak decays of light hypernuclei. We assume that the decay of Λ in nucleus is incoherent and that one can neglect final state interactions for two energetic outgoing nucleons and interference effects arising from the antisymmetrization of the final state. Then the decay rate of a light hypernucleus is given by a sum of two-body ΛN → NN transition rates. The decay of 5 Λ He, for instance, can be described in terms of the spin averaged two-body transition rates, Γ Λp→pn and Γ Λn→nn , as
Here ψ ini ( p) and ψ f in ( q; K) are the initial and final two-body wave functions and V ( p, q) is the transition potential. In the present study, we also neglect the binding energy of the initial state, and use the following energy conservation rule,
where K * = 415.9 MeV satisfies
Decomposing ψ into partial waves and performing the K integration, one obtains
where ψ L is the radial part of the wave function and Table 2 . We label the transition amplitudes by a through f as
according to the widely used notation [17] . Among them, the amplitudes a, c, and d describe the parity conserving transitions, while the others violate parity. By writing the amplitudes simply as a p ≡ p 2 dp
for instance, one obtains
Note that the I = 0 states are allowed only for Λp → pn while the I = 1 final states are allowed both for Λn → nn and Λp → pn.
We employ simple wave functions for the initial and final states. We use the Gaussian with a short-range correlation function for the initial state,
where g represents the short range correlation,
For the final state we use the plane wave with the same short range correlation function,
We use the same g(r) for the initial ΛN and the final NN only for simplicity. We choose the parameter B as √ 2 × 1.3 fm for the S-shell hypernuclei, which corresponds to the shell model wave function with the Gaussian parameter 1.3 fm for both the nucleon and Λ. For the short range correlation we choose C = 0.5 and r 0 = 0.5fm = b in the present calculation.
The strength C is chosen arbitrarily, while we find that the results are qualitatively the same for other values of C except for the proton asymmetry parameter a 1 (see section 6).
The one-pion exchange (OPE) amplitudes are also computed for the same wave functions.
We take the form factor ρ into account,
represents the quark density in the baryon. Because ∆I = 1/2 is assumed for the weak ΛNπ vertex, OPE amplitudes satisfy a n /a p = b n /b p = f n /f p = √ 2, while the ∆I = 3/2 amplitudes
give the ratio −1/ √ 2. The weak ΛNπ coupling constant is adjusted to the free Λ decay rate.
The results for the two-body transition amplitudes are listed in Table 12 . The numbers
given under "∆I = 1/2(3/2)" are the results with the pure ∆I = 1/2(3/2) transition potential.
We find that the direct quark (DQ) amplitudes are in general comparable to the OPE ones, especially a p , b p , f p and f n for DQ are larger than those for OPE. Although a n in the full DQ is small due to the cancellation of ∆I = 1/2 and ∆I = 3/2 amplitudes, it seems accidental because by changing the short-range correlation factor, the cancellation may disappear. While OPE contains only the ∆I = 1/2 component, we find large ∆I = 3/2 contributions for the J = 0 DQ transitions, a p , b p , a n and b n . The ∆I = 3/2 contributions for f p and f n are small.
The DQ amplitude d p is zero because we neglect the tensor operator by truncating the p/m expansion at the order (p/m). On the other hand, OPE has a large d p which comes from the tensor part of the one-pion exchange interaction. It is enhanced due to the large momentum transfer. 
Decays of S-shell hypernuclei
The spin averaged transition rates are decomposed as
where Γ N J is the transition rate for the two-body ΛN system with angular momentum J,
Our result for Γ N J are given in Table 13 . We find that the J = 0 proton-induced transition rate, Γ p0 , is strongly enhanced due to the ∆I = 3/2 transition. Compared with the OPE result, Γ p0 for DQ is much larger and in fact is dominant while OPE is dominated by the tensor transition included in Γ p1 . This dominance of Γ p1 in OPE makes the n-p ratio, R np , small, where
For the spin-average hypernuclei,
5
Λ He, this ratio is given by
In DQ, Γ n1 is also large so that the spin averaged R np is as large as 1. Thus we find that DQ and OPE predict qualitatively different values for R np ( Recently, Schumacher proposed to check the ∆I = 1/2 rule in the non-mesonic decays of the S-shell hypernuclei [19, 20] . He calculated the ratios of Γ N J by using the following relations and the corresponding experimental data,
where it is assumed that the Γ N J 's are common for evaluate the "experimental" values of Γ N J given in Table 13 . The ratio Γ n0 /Γ p0 is especially sensitive to the ∆I = 3/2 mixing, i.e., it is 2 for the pure ∆I = 1/2 transition, while it becomes 1/2 for the pure ∆I = 3/2 transition. The second row from the bottom in Table 13 gives the ratio Γ n0 /Γ p0 . DQ gives a much smaller value than 2, which clearly demonstrates the contribution of ∆I = 3/2. The present data, −0.8 ± 2.7 for the S-shell hypernuclei are not conclusive. One also sees that DQ mechanism can reproduce the n-p ratio for When the hypernucleus is polarized, the angular distribution of the outgoing proton has an asymmetry. It is parameterized in terms of the asymmetry parameter a 1 as
where P Λ is the polarization of Λ and θ is the angle of the outgoing proton to the Λ polarization.
This parameter for 5 Λ He is given by [11] a 1 (
Recent experimental data indicate a large negative a 1 (p) for p-shell hypernuclei, a 1 (p) ≤ −0.6 [21] . Our result for a 1 ( 5 Λ He) is very small because our d p is zero and c p is also small. But the result is rather sensitive to the choice of the short-range correlation, and therefore is not conclusive.
So far we have not considered the interference of the DQ and OPE amplitudes. As we have argued in section 3, the present formalism allows us to regard OPE independent from DQ and therefore to superpose these two amplitudes. Because the relation between the phenomenological ΛNπ vertex in OPE and the effective weak Hamiltonian H ∆S=1 ef f in DQ is not known, the relative phase of the two amplitudes cannot be determined. Thus we evaluate DQ ± OPE and the results are listed in Table 13 . One finds that the difference between the two choices of the relative phase mostly appear in the neutron-induced decay rates. Γ nJ 's are suppressed in (DQ + OPE) and thus the n-p ratio R np becomes very small. In this sense, the experimental data prefer the (DQ − OPE) combination. (DQ − OPE) also predicts a large negative a 1 ( 5 Λ He), which seems to agree with the experimental value for the p-shell hypernuclei.
The ratio Γ n0 /Γ p0 tends to be small (≪ 2) for both ( DQ ± OPE ) and again indicates a large ∆I = 3/2 contribution. In both (DQ ± OPE), we find that Γ Λp→pn is overestimated and therefore the total decay rate Γ( with each other and the net effect contributes only to the J = 0 amplitudes [23, 24] . In all, the meson exchange contributions other than OPE seem to be small. Therefore one may describe the ΛN → NN transition well only by the DQ and OPE.
Discussions and Conclusion
Nonmesonic decays of hypernuclei provide us with a new type of the hadronic weak interaction. The large momentum transfer (due to the mass difference of Λ and N) makes the transition sensitive to the short distance quark structure of the two baryon system. Indeed, it is found that the contribution of the direct quark processes is as large as that of the con-ventional one pion exchange weak interaction. Furthermore, we have found that the J = 0 transition amplitudes show a large ∆I = 3/2 contribution and therefore that the ∆I = 1/2 rule is significantly broken. This may be the first clear evidence for the ∆I = 3/2 weak transition, that is expected in the standard theory of the weak interaction.
We have employed, in the present analysis, an effective weak Hamiltonian for quarks, which takes account of the one-loop perturbative QCD corrections. Then we have evaluated the transition amplitudes using the quark model wave functions of baryons to the first order in the weak interaction. The flavor/spin structure of the amplitudes reflects the SU(6) symmetry of the baryon wave functions, which have been verified in the low energy baryon spectrum and properties of the baryons.
We have derived an effective ΛN → NN transition potential, and applied it to the s-shell hypernuclear decays. It is found that the decay amplitudes show distinctive features when they are compared to the one-pion exchange. Especially, the ratio of the neutron-induced and the proton-induced decay rates is discriminative of these mechanisms. It is suggested that the ratios of the transition rates with various spin-isospin specification can be obtained from the experimental data for the s-shell hypernuclei and they are useful in testing different mechanisms of the transition. Further experimental studies are most desirable.
There are a number of remaining problems. The relation between the phenomenological Λ → Nπ transition Hamiltonian and the effective quark Hamiltonian is to be studied. It is favorable to apply the same quark Hamiltonian to the mesonic decay as well so that a unified view of the hypernuclear decay is obtained. The ∆I = 1/2 enhancement mechanism for the mesonic decay is especially important in this regard. This line of study is underway and will be reported elsewhere [25] .
For hypernuclei other than the s-shell systems, we need a realistic calculation combined with the nuclear structure analysis. We have provided the baryonic two-body transition potential that can be used in any hypernuclear structure calculations. Because of the nonlocal structure due to the quark exchange effects the transition potential is given in the momentum space, but the transformation into the coordinate space is straightforward.
We have not considered so far the second order process with a Σ − N intermediate state induced by a strong pion (meson) and/or quark exchanges. The weak ΣN → NN decay can be also computed in the same direct quark mechanism. It is found that the mixing of ΣN does not change our main conclusions mentioned above, though its contribution is not negligible quantitatively. The results of this calculation will be published in a separate article [26] .
are given in terms of m, the mass of constituent u, d quarks, and m s , the mass of constituent s quark. In the present calculation, we use m = 313 MeV and m/m s = 3/5. Note that we have made the following Fierz transformation on O 6 so that the color part becomes unity.
Appendix B. Flavor-spin part of |φφχ Table 14 gives the flavor-spin part of |φφχ for each Type. One sees that |φφχ is totally antisymmetric under the exchange {1,2,3}↔{4,5,6}. We choose either s z = 0 or 1 so that (s i , λ s , s z , 0|s f , s z ) is not zero. These "Type"s are refered to by the channels in Table 2 .
Appendix C. Orbital matrix elements
The orbital part of the internal wave function of Λ and N is taken as φ(1, 2, 3) orbital = Ne 
